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Background. Compelling evidence has emerged pointing to
the role of oxidative stress in the pathogenesis of hyperten-
sion (HTN) in experimental animals. Excess production of re-
active oxygen species (ROS) in the renal and vascular tissues
has been shown to raise arterial pressure via inactivation of
nitric oxide and generation of isoprostanes. Accumulation of
inflammatory cells in the renal interstitium has been shown to
increase ROS generation in the kidneys of hypertensive ani-
mals. In addition, considerable evidence has emerged pointing
to spontaneous activation of circulating leukocytes in animals
and humans with hereditary HTN. This study was designed to
explore whether induction of HTN in genetically normal ani-
mals can lead to spontaneous activation and ROS production
in circulating leukocytes.
Methods. Integrin expression, superoxide, and hydrogen
peroxide production were assessed by flow cytometry in the
circulating and splenic leukocytes of Sprague-Dawley rats ren-
dered hypertensive by abdominal aorta banding above the renal
arteries, and in sham-operated control rats.
Results. The hypertensive animals studied 4 weeks after ab-
dominal aorta banding exhibited a significant increase in super-
oxide and H2O2 production in the circulating granulocyte, and
a marked increase in H2O2 production in the blood and splenic
helper and cytotoxic T-lymphocytes. This was coupled with a
significant up-regulation of CD18 and CD11a in splenic helper
T-cells and cytotoxic T cells, and of CD18 in the circulating
helper T cells.
Conclusion. Induction of HTN in genetically normotensive
rats causes a spontaneous increase in ROS generation in the
circulating and splenic leukocytes. This phenomenon can con-
tribute to systemic oxidative stress, inflammation, cardiovascu-
lar and renal complications in hypertensive animals.
During the past several years, compelling evidence
has emerged pointing to the role of oxidative stress
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in the pathogenesis and maintenance of hypertension
(HTN). This conclusion is based on several observa-
tions: First, oxidative stress is associated with nearly all
forms of acquired and hereditary HTN in experimen-
tal animals, including spontaneously hypertensive rats
(SHR) [1–4], salt-sensitive Dahl rats [5, 6], rats with lead-
induced HTN [7–9], uremic HTN [10–12], aortic coarcta-
tion [13], angiotensin-II induced HTN [14], experimental
syndrome X [15, 16], and salt-DOCA-induced HTN [17,
18], as well as women with preeclampsia [19]; second,
alleviation of oxidative stress by various antioxidant reg-
imens attenuates HTN [1, 2, 4, 7, 8, 10, 12, 14, 16, 20–
27]; third, induction of oxidative stress in genetically nor-
mal, otherwise intact animals causes severe and sustained
HTN [28, 29]; and finally, oxidative stress in several mod-
els of HTN is associated with up-regulation/activation
of superoxide-generating enzyme, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, and its iso-
forms in renal and cardiovascular tissues [3, 4, 10, 14, 21].
These observations have provided strong evidence for
the role of oxidative stress in the pathogenesis of HTN.
Conversely, experiments using abdominal aorta-banded
animals (in which oxidative stress is found in the vascular
tree residing in the hypertensive but not normotensive
zone of the body) have provided compelling evidence
that HTN can cause oxidative stress [13].
Oxidative stress and HTN have been shown to be as-
sociated with and, in part, due to renal tubulointerstitial
infiltration of activated leukocytes, superoxide producing
and angiotensin-II positive cells [24, 25, 30–33]. Inactiva-
tion of nitric oxide (NO) and production of isoprostanes
(oxidation of arachidonic acid) by superoxide and other
reactive oxygen species (ROS) generated by these cells
have been implicated in the pathogenesis of sodium re-
tention and HTN in these models [24, 25, 33]. In addition,
several studies have demonstrated spontaneous activa-
tion and/or degranulation of the circulating neutrophils
and monocytes in animals and humans with hereditary
HTN, including SHR [34], salt-sensitive Dahl rats [35],
and patients with essential hypertension [36]. The present
study was undertaken to test the hypothesis that experi-
mental HTN results in spontaneous activation and ROS
1462
Kim and Vaziri: Oxidative stress and hypertension 1463
generation in the splenic and circulating leukocytes of
the genetically normal rats. To this end, genetically nor-
mal male Sprague-Dawley rats were studied 4 weeks after




Male Sprague-Dawley rats with an average weight of
150 g were randomly assigned to the abdominal aorta-
banded and sham-operated control groups. Under gen-
eral anesthesia (nembutal 50 mg/kg, i.p.), the abdomen
was opened, and the abdominal aorta was surgically dis-
sected from the inferior vena cava at a site slightly above
the renal arteries. A 21-gauge blunt needle was then
placed along the side of the isolated aorta segment, and a
2–0 suture was tightly tied around the aorta and the over-
lying needle. The needle was then removed, thus pro-
ducing severe aortic constriction above the renal arter-
ies. Animals assigned to the control group underwent the
same procedures without actual ligation of the aorta. The
animals were then observed for 4 weeks, during which
they were allowed access to regular rat chow and wa-
ter ad libitum. They were housed in a climate-controlled,
light-regulated space with 12-hour light and dark cycles.
At the conclusion of the 4-week observation period, ani-
mals were placed in metabolic cages for a timed urine col-
lection. They were then anesthetized as described above,
and euthanized by exanguination using cardiac puncture
between the hours of 8 a.m. and 11 a.m. Blood samples
were immediately processed for analysis by flow cytome-
try as described below. On each occasion, paired samples
from banded and control animals were analyzed. In addi-
tion to blood, the spleen was immediately removed, and
splenic leukocytes were isolated and processed for flow
cytometry as described below. In a separate subgroup of
animals, intraarterial pressure was measured via a carotid
catheter as described previously [13].
Assays for generation of reactive oxygen species
Production of reactive oxygen species in peripheral
blood and splenic leukocytes was assessed by flow cy-
tometry using fluorescent probes and a FACSort Sys-
tem (Becton-Dickinson, San Jose, CA, USA). For anal-
ysis of peripheral blood leukocytes, whole blood was
drawn by cardiac puncture. Blood cells were diluted 5
times in phosphate-buffered saline (PBS), and incubated
with 0.1 lg/mL of dihydroethidium (DHE for measure-
ment of superoxide) or 0.125 lg/mL of dihydrorhodamine
123 (DHR for measurement of hydrogen peroxide) for
15 minutes at 37◦C. The blood cells incubated without
DHE or DHR were used as controls. Cells were precip-
itated by centrifugation and supernatant was discarded.
The cell pellets were resuspended in 50 lL of PBS and
incubated (for 30 minutes at room temperature) with
fluoroscein isothiocyanate (FITC)-conjugated anti-CD4
or anti-CD8 monoclonal antibody (mAb) for superox-
ide analysis or with PE-conjugated anti-CD4 or anti-
CD8 mAb for hydrogen peroxide analysis. The red blood
cells were then lysed by incubation (for 10 minutes at
room temperature) with 2 mL of FACS lysing solution.
The leukocytes were washed twice with PBS, then resus-
pended and fixed in 0.5 mL of 1% paraformaldehyde. The
suspension of fixed cells was used for flow cytometry. For
splenic cell analysis, spleen was minced and homogenized
in 5 mL of PBS in a cell strainer. Fifty lL of the cell suspen-
sion were incubated with DHE or DHR for 15 minutes at
37◦C. Cells incubated without DHE or DHR were used as
controls. The cells were then incubated (for 30 minutes
at room temperature) with FITC-conjugated anti-CD4
or anti-CD8 mAb (DHE), or with PE-conjugated anti-
CD4 or anti-CD8 mAb (DHR). Cells were washed twice
with PBS, then resuspended and fixed in 0.5 mL of 1%
paraformaldehyde.
Immunostaining
Expression of integrin on the surface of peripheral
blood and splenic leukocytes was assessed by flow cy-
tometry using FITC-conjugated anti-CD11a (aL subunit
of integrin LFA-1) mAb, anti-CD11b (aM subunit of in-
tegrin CR3) mAb, and anti-CD18 (integrin b2 subunit)
mAb. To assess T-cell activation, cell surface expression
of IL-2 receptor was measured by flow cytometry using an
anti-CD25 (IL-2 receptor a chain) mAb. Briefly, 100 lL of
peripheral blood was incubated with each of the above
antibodies along with PE-conjugated anti-CD4 or anti-
CD8 mAb for 30 minutes at room temperature. The cells
were then incubated in FACS lysing solution for 10 min-
utes, and washed twice with PBS to remove red blood
cells. Leukocytes were collected by centrifugation, resus-
pended, and fixed in 0.5 mL of 1% paraformaldehyde be-
fore being used for flow cytometry. Likewise, splenic cells
were incubated with FITC-conjugated anti-CD11a, anti-
CD11b, anti-CD18, or anti-CD25 mAb, along with PE-
conjugated anti-CD4 or anti-CD8 mAb for 30 minutes
at room temperature. Cells were washed twice with PBS,
resuspended in 1% paraformaldehyde, and used for flow
cytometry. Cells incubated with FITC-conjugated mouse
IgG were used as isotype control.
Flow cytometry
Flow cytometry was carried out by dual-color analy-
sis using a FACSort flow cytometer and CellQuest soft-
ware (Becton-Dickinson). For each sample, data from
30,000 cells were collected and displayed in dot plot of
forward-scatter and side-scatter. The cells were gated
for lymphocytes, monocytes, or polymorphonuclear cells





































































Fig. 1. Representative overlay histograms and group data depicting superoxide production by CD4+ and CD8+ T lymphocytes and granulocytes
in the blood of rats with abdominal aorta banding-induced hypertension (heavy line), and the sham-operated control rats (thin line). N = 5 in each
group, ∗P < 0.05. #D value greater than 0.2 denotes statistical significance.
(PMN). The CD4+ or CD8+ T lymphocytes were subse-
quently gated in dot plot of side-scatter and FL1 (FITC-
conjugated mAb) or FL2 (PE-conjugated mAb) channel.
Mean fluorescence intensity in the gated cell population
was measured in FL1 channel for DHR or in FL2 channel
for DHE. Expression of integrins and activation markers
were assessed as mean fluorescence intensity in FL1 chan-
nel. Data were presented as mean fluorescence intensity
after background fluorescence intensity of controls was
subtracted.
Cytosolic Ca2+ measurement
Cytosolic Ca2+ in the peripheral blood and splenic
mononuclear leukocytes was assessed by flow cytometry
using the Fluo-3 fluorescent probe (Molecular Probes,
Eugene, OR, USA) according to the manufacturer’s pro-
cedure. Blood and splenic cell preparations were di-
luted 50 times in RPMI 1640 medium and incubated
with 8 lmol/L of Fluo-3 in the presence of 2 mmol/L
probenecid for 60 minutes at 37◦C. Cells incubated with-
out Fluo-3 served as controls. The cell preparations were
processed by flow cytometry as descried above and data
were displayed in dot plot of forward-scatter versus fluo-
rescent intensity in FL1 channel. Cells loaded with Fluo-3
probe were gated and displayed in dot plot of forward-
scatter versus side-scatter. Mononuclear cells were sub-
sequently gated, and data were collected for 60 seconds
to determine basal cytosolic Ca2+. The cells were then
activated with 2 mmol/L ionomycin, and additional data
were acquired for 90 seconds. The resting and activated
mononuclear cells were gated and data displayed in FL1
channel. Relative cytosolic Ca2+ levels were assessed as
mean fluorescence intensity in FL1 channel.
Data analysis
Kolmogorov-Smirnov (K-S) statistics were used in
overlay histogram analysis. D values exceeding 0.2 indi-
cate a significant difference. Unpaired Student t test was
used in statistical analysis of the group data, which are




Data for circulating and splenic leukocytes are illus-
trated in Figures 1 and 2, respectively. The aorta-banded
group exhibited a significant increase in superoxide pro-
duction by circulating PMNs when compared to that seen
in the sham-operated control group. However, no signifi-
cant difference was observed in production of superoxide
by either circulating or splenic CD4-positive and CD8-
positive T lymphocytes among the banded and sham-
operated control rats.
Hydrogen peroxide production
Data for circulating and splenic leukocytes are shown
in Figures 3 and 4, respectively. The aorta-banded group










































Fig. 2. Representative overlay histograms
and group data depicting superoxide produc-
tion by CD4+ and CD8+ T lymphocytes
in the spleen of rats with aorta banding-
induced hypertension (heavy line), and the
sham-operated control rats (thin line). N =







































































Fig. 3. Representative overlay histograms and group data depicting hydrogen peroxide production by CD4+ and CD8+ T lymphocytes and
granulocytes in the blood of rats with aorta banding-induced hypertension (heavy line), and the sham-operated control rats (thin line). N = 5 in
each group, ∗P < 0.05. #D value greater than 0.2 denotes statistical significance.
exhibited a significant increase in hydrogen peroxide
production by circulating PMN, as well as CD4-positive
and CD8-positive T lymphocytes compared to the cor-
responding value, found in the sham-operated control
group. In addition, hydrogen peroxide production was
significantly increased in the splenic CD4-positive T cells
and insignificantly increased in the splenic CD8-positive
T cells of the banded animals.
Integrin expression
Data for peripheral blood and splenic leukocytes are
provided in Figures 5 and 6, respectively. The banded
group exhibited a significant increase in CD18 expression
in the peripheral blood and splenic CD4-positive cells and
splenic CD8-positive T cells. Likewise, the banded group
showed a significant increase in CD11a expression on
splenic CD4-positive and CD8-positive cells. However,
















































Fig. 4. Representative overlay histograms
and group data depicting hydrogen peroxide
production by CD4+ and CD8 + T lympho-
cytes in the spleen of rats with aorta banding-
induced hypertension (heavy line), and the
sham-operated control rats (thin line). N =
5 in each group, ∗ P < 0.05. #D value greater
than 0.2 denotes statistical significance.
no significant difference was found in CD11b expression
in either peripheral blood or splenic T cells among the
study groups. Likewise, integrin expression on PMN was
similar among the 2 groups.
IL-2 receptor expression
Data are shown in Figures 5 and 6. No significant dif-
ference was found in CD25 (the IL-2 receptor a subunit)
expression on either peripheral blood or splenic CD4-
or CD8-positive cells between the 2 groups. CD25 is not
generally expressed by PMN, and was not detected here.
Arterial pressure, cytosolic Ca2+, and leukocyte count
Data are shown in Figures 7 and 8. The banded animals
exhibited a marked elevation of arterial pressure and a
mild increase in leukocyte count compared to the corre-
sponding values found in the sham-operated control ani-
mals. Basal cytosolic Ca2+ level was significantly greater
in the peripheral blood mononuclear cells of the banded
animals compared to that seen in the control group. How-
ever, values observed in the splenic cells were comparable
in the 2 groups. Stimulation with ionomycin resulted in
a marked rise in cytosolic Ca2+ levels in the peripheral
blood and splenic mononuclear cells in both groups. No
significant difference was found in peak Ca2+ levels of
the activated cells among the banded and sham-operated
control rats.
DISCUSSION
The abdominal aorta-banded animals employed in the
present study exhibited a significant increase in super-
oxide and hydroxygen peroxide production by circulat-
ing polymorphonuclear leukocytes when compared to the
sham-operated control animals. In addition, both circu-
lating and splenic helper (CD4-positive) and cytotoxic
(CD8-positive) T lymphocytes showed elevated H2O2
production in the banded animals. This was accompanied
by a significant up-regulation of CD18 in peripheral blood
helper T cells, and of CD11a and CD18 in splenic helper
and cytotoxic T cells. Up-regulation of surface expression
of these integrins points to spontaneous activation of T
lymphocytes in these genetically normal animals with ac-
quired HTN. Interestingly, despite evidence of leukocyte
activation, IL-2 receptor (CD25) expression (a marker
of IL-2-mediated cell activation) was unchanged in the
banded animals. This observation may point to an alter-
native pathway of leukocyte activation in animals with
aorta coarctation-induced HTN.
Earlier studies [34, 35] have provided compelling evi-
dence for spontaneous activation and abnormal function
of the circulating leukocytes in animals with genetic HTN.
For instance, Shen et al [35] reported increased CD18 ex-
pression, spontaneous degranulation, cell adhesion, and
activation in the circulating leukocytes of the hyperten-
sive salt-sensitive Dahl rats fed a high salt (6%) diet for
6 weeks. In a separate study, the same group showed ele-
vated leukocyte count, increased pseudopod formation,
abnormal deformability, and exaggerated response to N-
formyl Met-Leu-phe (fMLP) and platelet activating fac-
tor in peripheral blood polymorphonuclear leukocytes of
spontaneously hypertensive rats [34]. In addition, Dorffel
et al [36] have provided evidence for preactivation and
enhanced susceptibility of peripheral blood monocytes
to angiotensin-II-mediated cytokine generation in hu-
mans with essential HTN. Likewise, Caimi et al [37] have




























































































































































Fig. 5. Expression of integrin (CD11a, CD11b, CD18) and IL-2 receptor (CD25) in CD4+ and CD8 + T lymphocytes and granulocytes in the
blood of rats with aorta banding-induced hypertension (heavy line), and the sham-operated control rats (thin line). #D value greater than 0.2 denotes
statistical significance.
demonstrated a significant increase in integrin expression
and cytosolic Ca2+ concentration, as well as enhanced
susceptibility to phorbol ester and fMLP-mediated ac-
tivation in polymorphonuclear leukocytes from humans
with essential HTN. Taken together, published studies in
animals and humans with genetic HTN have provided
compelling evidence for spontaneous activation of circu-
lating leukocytes. The results of the present study extend
these observations to the acquired HTN in genetically
normotensive animals. Thus, it appears that HTN, per se,
can lead to activation and ROS generation in the circu-
lating leukocytes.
As noted earlier, increased ROS generation and ox-
idative stress have been shown in various tissues of an-
imals with different types of genetic and acquired HTN
[2–17, 26–29]. Endothelial, vascular smooth muscle, and
parenchymal cells have been implicated as a source of
ROS in these conditions. In addition, both parenchy-
mal and infiltrating leukocytes have been identified as
a source of ROS in kidneys of animals with heredi-
tary and acquired HTN [30–33]. Spontaneous activation
of circulating leukocytes shown here in acquired HTN
and reported by others in genetic HTN represents an-
other dimension of HTN-induced oxidative stress and
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Fig. 6. Expression of integrin (CD11a,
CD11b, CD18) and IL-2 receptor (CD25)
in CD4+ and CD8+ T lymphocytes in
the spleen of rats with aorta banding-
induced hypertension (heavy line), and the
sham-operated control rats (thin line). #D
value greater than 0.2 denotes statistical
significance.
inflammation. The splenic T lymphocytes in our hyper-
tensive animals exhibited a significant increase in CD11a
and CD18 expression. Heterodimerization of CD18 with
CD11a on the cell membrane leads to formation of an in-
tegrin known as lymphocyte function-associated antigen-
1 (LFA-1). LFA-1 serves as a cell surface receptor that
mediates the interaction of lymphocytes with endothelial
cells and other leukocyte via binding to the intercellu-
lar adhesion molecules (ICAMs) on the surface of these
cells. Accordingly, LFA-1 plays an important role in the
inflammatory response, as well as cell adhesion to en-
dothelial surface and tissue infiltration [38]. Therefore,
up-regulation of lymphocyte LFA-1 expression in the hy-
pertensive animals represents a link in the chain of events
that leads to inflammation and tissue injury in this and
other models.
Basal cytosolic Ca2+ was significantly elevated in the
peripheral blood mononuclear cells of our rats with the
aorta coarctation-induced HTN. This phenomenon is
consistent with the reported elevation of basal cytoso-
lic Ca2+ in the peripheral blood lymphocytes of humans
with essential HTN [39–41]. Interestingly, basal cytoso-
lic Ca2+ in the splenic mononuclear cells of the aorta-
banded animals was similar to that found in the control
group. The reason for the observed difference in basal
cytosolic Ca2+ between the peripheral blood and splenic
mononuclear cells in the banded animals is unclear. How-
ever, it is tempting to speculate that sequestration of
the activated leukocytes in the low-pressure splenic en-
vironment may lead to restoration of basal cytosolic
Ca2+. Further studies are required to explore the mecha-
nism(s) by which acquired HTN promotes activation and
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Fig. 7. Representative overlay histograms and group data depicting cytosolic Ca2+ in the basal and activated peripheral blood and splenic mononu-
clear cells of rats with aorta banding-induced hypertension (heavy line), and the sham-operated control rats (thin line). N = 6, ∗P < 0.05. #D value








































Fig. 8. Blood pressure and peripheral blood leukocyte counts of rats
with aorta banding-induced hypertension (heavy line), and the sham-
operated control rats (thin line). N = 5, ∗P < 0.001.
modulates basal cytosolic Ca2+ in the peripheral blood
leukocytes.
CONCLUSION
Induction of HTN in genetically normotensive rats
causes spontaneous activation and ROS generation in
the circulating and splenic leukocytes. This phenomenon
can contribute to systemic oxidative stress, inflammation,
and cardiovascular-renal complications in hypertensive
animals.
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